ABSTRACT Cognitive radio (CR) and non-orthogonal multiple access (NOMA) have been deemed two promising technologies due to their potential to achieve a high spectral efficiency and massive connectivity. In this paper, the energy efficiency (EE) is investigated in a two-way relay assisted cognitive radio non-orthogonal multiple access (CR-NOMA) network. Our objective is to maximize the EE of the SU system subject to harvested energy and the quality of service (QoS) of the users. Specifically, the multiobjective optimization problem is decomposed into three subproblems, i.e., the optimization of transmit power, power allocation, and power splitting ratio, respectively. The problem with optimizing transmit power is non-convex; hence, the Lagrange dual algorithm based on the first-order Taylor series expansion function is proposed to solve it. Besides, the multi-objective iterative algorithm (MOIA) is further proposed to achieve joint optimal solution. The simulation result shows that compared with the traditional OWR, the proposed scheme not only improves the spectral efficiency but also increases the EE of SUs by 45%.
I. INTRODUCTION
Non-orthogonal multiple access (NOMA) has been considered as a promising technology to improve spectrum efficiency, provide massive connectivity and reduce latency [1] , [2] . It has been considered as the most promising key technology for the coming fifth generation (5G) networks. Difference from the traditional orthogonal multiple access (OMA), NOMA services multiple users with the same radio resource, in which users are distinguished by different power, which can be achieved by applying the successive interference cancellation (SIC) at the receiver [3] , [4] . Cognitive radio (CR), as another technology to improve spectrum utilization, has also received extensive attention. Specifically, CR enables the secondary users (SUs) to exploit the frequency bands of the primary users (PUs) provided that the interference imposed on the PUs from the SUs is below a certain level. Integrating the NOMA technology into CR networks will have great potential to improve spectrum efficiency and increase the The associate editor coordinating the review of this manuscript and approving it for publication was Mauro Fadda. number of users [6] . Recently, some authors have shown that the CR-NOMA system can significantly improve spectral efficiency compared to CR or NOMA technology [7] , [8] .
However, the interference constraint in CR-NOMA can severely limit the transmission rate achievable of the SUs and reduce spectrum utilization. Cooperative relay as an attractive solution to circumvent this challenge [9] . It has demonstrated whether the outage performance or throughput of cooperative cognitive radio are strictly better than the direct link with no relay [10] . In order to improve the quality of service (QoS) of the SUs in the CR network, [11] proposed the relay cooperative transmission, compared to the non-cooperative relay the outage performance significantly improved. The authors of [12] used the best SU as joint relay to assist PUs and SUs transmission. In order to enhance the fairness of SU, a two-stage cooperative strategy was proposed by selecting a certain SU to perform NOMA transmission. In [13] , a new cooperative relay and antenna selection strategy was proposed to maximize the signal-to-noise ratio (SNR) of the SUs. The asymptotic closed-form expression of outage performance was derived. In [14] , in order to improve the signal-to-interference-plus-noise ratio (SINR) of SUs in the underlay cognitive radio network, the cooperative relay combined with spatial diversity was proposed.
Note that all the aforementioned works focus on the OWR cooperative transmission, which can improve the rate of SUs. But the relay can only send or receive information from the same direction in the same time. If two-way-relay (TWR) communication between SUs is considered, higher spectrum efficiency can be achieved [15] . Different from the traditional OWR, which uses orthogonal time-frequency resources to transmit and receive signal and takes four time slots to complete the information interaction. The TWR only needs two time slots to complete the information exchange between two users [16] . [17] studied a multiple-antenna TWR cognitive radio system. In order to reduce the interference to the PU, a space alignment (SA) technique was adopted by the SUs. The precoder design and power allocation were designed to maximize the sum rate of the cognitive network. Based on [17] , the precoding and decoding matrixes were considered to improve system throughput [18] . In order to further improve the SINR of SUs, the authors of [19] studied the cognitive beamforming in underlay TWR networks with multiple antenna terminals and proposed a bisection search based joint optimal algorithm. Reference [20] proposed a joint optimal relay selection and spectrum allocation algorithm, so as to maximum rate of SU in cognitive MIMO two-way relay network. [21] extended the application of TWR in the CR to the NOMA system. In [21] , a NOMA two-way relay network model based on physical layer security performance optimization was proposed. The decoding capability of each user was enhanced by rate allocation and continuous group decoding. Reference [22] studied two-way relay non-orthogonal multiple access (TWR-NOMA) system, where two groups of NOMA users exchanged messages with the aid of one two-way relay. However, there is no contribution to study the two-way relay in CR-NOMA system. In this paper we focus on TWR to improve the energy efficiency of SUs.
In addition to high spectral efficiency and the QoS of the uses, 5G places higher demand on energy efficiency (EE). With the rapid growth of communication services, network energy consumption is also rising. Nowadays, wireless communication devices still mainly use cables or batteries to obtain power. However, the storage capacity and life cycle of the battery are often limited, which will affect the development of many new technologies [23] . Simultaneous wireless information and power transfer (SWIPT) is an emerging technology that transmits information and energy through the same signals [24] . Compared to the traditional energy harvesting, the advantage of SWIPT is to provide stable and controllable power for energy-limited devices. SWIPT plays an important role in solving the energy limitation of secondary user in cognitive radio [25] . In order to reduce the energy consumption of cognitive systems, in [26] , SWIPT provided energy support for secondary users, moreover, the beamforming techniques was proposed to optimize the transmission power. Recently, the authors of [27] and [28] studied the SWIPT in underlay cognitive radio network. Specifically, in [27] , the antenna switching (AS) technique was proposed at the receiver of cognitive user, which selected a subset of antennas to harvest the energy and the rest to decode the information. The cognitive radio inspired NOMA with SWIPT is investigated in [28] , where the tradeoff of information-energy was considered under the minimum rate of NOMA users.
A. CONTRIBUTION AND ORGANIZATION
While numerous investigations have been conducted the relay to assist SU transmit in CR-NOMA, but the relay is only the OWR, the rate and the spectrum utilization are low. TWR as a cooperative relay, significantly improve spectrum efficiency. Obviously, the application of TWR to CR-NOMA is a promising approach to improve the spectral efficiency and sum rate of systems. To the best of our knowledge, this is no contribution to investigate the performance of TWR in the CR-NOMA. Moreover, in order to ensure that the SUs can work for a long time. It is necessary to apply SWIPT in the CR-NOMA system. Besides, the energy efficiency is proposed to evaluate the CR-NOMA system to achieve trade-off between the rate and energy harvested.
Note that energy efficiency maximization problem has been also investigated in [4] and [22] , where is a suboptimal problem without considering the interference of primary user, energy harvested and the user decoding. In addition, the nonconvexity of the problem has been addressed by linearization via Lagrange algorithm [29] , which is a very novel idea in terms of spectrum sensing and has achieved good results. However, the scheme cannot work in two-way relay assisted CR-NOMA system since the interference to primary users, minimum energy harvesting as well as the decoding of NOMA users are required to be considered. Inspired by this way, the Lagrange dual algorithm is proposed in this paper to solve the non-convex problem of energy efficiency with respect to transmit power. Moreover, in order to obtain optimal solution of energy efficiency, an alternate iteration algorithm is further proposed to jointly optimize the relay transmit power and power allocation coefficient.
The main contributions are summarized as follows:
• The two-way relay cooperation scheme is proposed for CR-NOMA with SWIPT to improve the energy efficiency of the cognitive network. Under the constrains of the QoS of the users and the minimum energy harvested, the closed expression of the energy efficiency is formulated with the sum rate and actual energy consumption.
• The objective function is a non-convex and complex multi-objective optimization problem. To tackle the problem, transform it into three single-objective problems, i.e., the optimization of transmit power, power allocation and power splitting ratio, respectively. the Lagrange dual based on first-order Taylor series expansion is proposed to convert the problem into convex function. In order to get the optimal solution of the secondary user energy efficiency, the alternative iterative algorithm is proposed to solve it. • Simulation results show that compared with the traditional OWR system, the proposed scheme not only improves the spectral efficiency, but also increases the energy efficiency of SUs by 45%. Moreover, it is shown that the performance achieved with SWIPT is proven to be better than that not consideration. Furthermore, in TWR assisted CR-NOMA mode, the energy efficiency of system energy harvested is higher than that of system with non-energy harvested
The remainder of this paper is organized as follows. The system model is presented in Section II. We formulate the optimization problem in detail and describe its solutions in Section III and Section IV, respectively. Simulation results are presented in Section V. Finally, we draw our conclusions in Section VI.
II. SYSTEM MODEL
Let us consider a CR-NOMA system model with two-way relay, which consists of a primary transmitter (PT), a primary receiver (PR), a two-way relay (TWR) and two pairs of SUs. Subgrouping with NOMA can significantly improve system throughput and efficiency. In the paper, the NOMA subgrouping based on minimum energy efficiency are proposed. The TWR carries out such subgrouping every transmission time interval, by considering the channel quality indicators (CQI) feedback received by all the NOMA users [30] . According to the channel quality indicators value, the channel state information and transmission difference between the users can be obtained. Therefore, the reasonable grouping of NOMA users can be realized under the condition of minimizing energy efficiency. As shown in Fig.1 , where S 1 and S 3 are the near users, S 2 and S 4 are the far users. The near and far users are distinguished based on the distance from the TWR to SUs. Note that two groups of users S 1 , S 2 and S 3 , S 4 to transmit information with NOMA protocol in each group. TWR is equipped with M antennas while other nodes are equipped with one antenna.
In the first phase, The pairs of SUs transmit the signals to the TWR through the uplink NOMA, the signal received at the TWR can be formulated as:
where
is the channel between SUs and TWR with
h PR denotes the channel from PU to TWR. Without loss of generality, all the wireless channels are modeled to be independent quasi-static block Rayleigh fading. n R is the Gaussian noise at TWR with n R ∼CN 0, σ 2 I . p s and p t denote the transmit power of SU and PU, respectively. a i (i = 1, 2, 3, 4) is the power allocation coefficient of each SU, in order to ensure fairness between SUs, we assume a 1 < a 2 , a 3 < a 4 .
TWR first decodes signal x 2 , hence the received signal-tointerference-plus-noise ratio (SINR) at TWR to detect x 2 can be given by
) and H PR = h PR h T PR are the covariance matrix of the transmit channel. σ 2 R2 is the noise power to decode signal x 2 at the TWR. After the serial interference cancellation (SIC) is applied at TWR, the received SINR at TWR to detect x 1 is given by
Similarly, the signals x 3 and x 4 can be detected by TWR.
The received signal at PU in the first time slot is expressed by
where h ip ∈ C 1×1 (i = 1, 2, 3, 4) denotes the channel between SUs and PU, n
P is the Gaussian noise at PU. In the second phase, the information is exchanged between SUs by TWR. Therefore, just like the downlink NOMA, TWR transmits the superposed signals
is the power allocation coefficient of the SUs. In particular, to ensure the fairness between the SUs, a higher power should be allocation to S 2 and S 4 . Hence we assume that b 2 > b 1 with b 1 + b 2 = 1 and b 4 > b 3 with b 3 +b 4 = 1. In order to reduce the energy consumption of the system, SWIPT is applied at the TWR. It is assumed that the power splitting receivers are used to receive the information and harvest energy at the SUs, √ 1 − ρ of the received power is used to decode the information, while √ ρ is used to harvest energy. Therefore, the signal received and energy harvested at S 1 are respectively given by
where h Ri ∈ C 1×M (i = 1, 2, 3, 4) denotes the channel from TWR to S i with H Ri = h Ri h T Ri . n 1 is the noise at S 1 , η denotes the energy conversion efficiency. Since the channel gain from TWR to SUs with |h R2 | 2 < |h R1 | 2 . According to NOMA protocol, the rates of S 1 detect x 2 and x 1 are respectively given by
The received signal and the harvested energy at S 2 are expressed as
The rate of S 2 is given by
In the same way, we can obtain the rate and energy harvested at S 3 and S 4 , for the convenience, it is not described.
Without loss of generality, in the second time slot the received signal and rate of PU are respectively given by
where h RP and h PP denote the channel from TWR to PR and PT to PR, respectively, with
P are the additive white Gaussian noise and noise power at PR.
III. PROBLEM FORMULATION
In this section, we proposed to analyze the total consumed power and the achievable sum rate of the cognitive users. Then, the energy efficiency can be further deduced, which is defined as the ratio of the achievable sum rate to the actual power consumption. Assume that two pairs of SUs have the same transmission performance, so the sum rate of the SUs is expressed as.
The overall power consumed by the SUs system is obtained by
where p r denotes the transmit power of the TWR, p l is the link power consumption. Consequently, our goal is to maximize the energy efficiency of SUs system by optimizing the transmission power and power allocation coefficients. To the end, the optimization problem pro 0 is formulated as
where i th denotes the minimum transmission rate of the PU. the constraint (16b) is given to guarantee the efficient SIC in the S 1 . E min is the threshold for minimum energy harvested at the SUs, p max means the maximum transmit power of the TWR. Moreover, the constraints in (16f) denote the power allocation of the TWR.
A. OPTIMIZATION OF TWR TRANSMISSION POWER
It is difficult to find the optimal solution of the problem due to the fractional form of the objective function, for which the close-form solution of the energy efficiency can hardly be derived. In order to reduce the computational complexity, the objective function can be transformed into a maximize problem with parameter λ by fractional programming, which can be obtained by
, denotes the collection of variable p r ,b 3 and ρ. We regulate another function as g(λ) = max( , λ), and the root of equation g(λ)=0 is the maximum value of the spectral efficiency. For the given p r , b 3 and ρ, we exploit the following theorem to find the optimal value λ * . Theorem 3.1: g(λ) is convex, continuous and decreasing function of λ, and the optimal solution of problem (pro 0 ) exists at F( , λ)=0.
Proof: Please refer to Appendix. For the given λ * the optimal problem can be expressed as
where R * tot is obtained by transforming the logarithm function R tot according to its properties. The specific expression is given by
The objective function (17) is nonconvex due to the existing of sum rate. The third term of R * tot is expanded by the first-order Taylor formula, which approximates as an affine function. The first-order Taylor expansion formula at p 0 is expressed as log σ
where ζ denotes the Taylor expansion error, then, the sum rate of SUs is rewritten as
where is a constant for the given p 0 .
Constraints (16a) and (16b) are also converted by this way.
When p 0 is given, ϕ 1 and ϕ 2 are the constants, the expressions are respectively given by.
Based on the above approximation, the problem of pro 1 can be reformulated as
Note that the optimal problem is convex and meet Slater condition. The optimal value of p r can be seen the following dual problem.
Here, we first present the Lagrangian of (26a-26d) as follows
where ω, µ, γ and ϑ are dual variables associated with constraints (26a), (26b), (26c) and (26d), respectively. Extremum points p * r , ω * , µ * , γ * and ν * can be obtained by the first-order partial of (28) .
Based on the constraints of (26a), (26b), (26c) and (26d), the value range of p * r is obtained by 
where I th = 2 2i th − 1, R th = 2 2r th − 1. According to the nature of the univariate function, in order to obtain the maximum value of the problem, the optimal value of p r should be obtained at the boundary point of the domain or the extreme point of the objective function. p * r is the extreme point of the objective function, the optimal value of p r is given by.
B. OPTIMIZATION OF POWER ALLOCATION
Now we consider the power allocation of TWR with given p r , ρ and λ, the objective function pro 2 can be written as
For (35), obviously, power allocation is only related to the sum rate. The sum rate is derived with b 3 , which can be obtained by
(37)
Assume that the user's noise power satisfies σ 2 1 = σ 2 2 = σ 2 . In order to better reflect the monotonicity of R tot (b 3 ), a new function is defined, which can be formulated as follows:
The first-order partial derivative of F (x) with respect to x is given by
We observe from (40) that F (x) is an increasing function about x. Furthermore, H R1 > H R2 and X 1 > X 2 , which results to
As a result, the energy efficiency is an increasing function of power allocation, the optimum b * 3 is formulated as
C. OPTIMIZATION OF POWER SPLITTING
In this section, we consider the subproblem pro 3 , which optimizes the power splitting of SUs when transmission power and power allocation are fixed. As ρ is only involved in constraints of (43a), (43b) and (43c), the optimization problem pro 3 is written as
Based on the constraints of (43a),(43b) and (43c), the range of ρ is obtained as .
One algorithm to solve optimal received power splitting based on equation (44) is given in TABLE 1.
D. ALTERNATE ITERATION ALGORITHM FOR JOINT OPTIMIZATION
In order to maximize the energy efficiency, the transmit power p r , power allocation b 3 and power splitting ρ of SUs need to be jointly optimized. For this part, an alternate iterative Algorithm 2 is proposed as shown in TABLE 2. Initialize η = 0.8, relay transmit power p r , other link power consumption p l . constraint function threshold of r th , E min and p max . the number of iterations i = 1, tolerance b 
IV. NUMERICAL RESULTS
In this section, we provide numerical results for evaluating the energy efficiency and spectral efficiency of the proposed scheme. Unless otherwise specified, the simulation parameters used are summarized as follows: E min = 50µW , P l = 20dBm, i th = 0.1bit/s/Hz, r th = 0.2bit/s/Hz, η = 0.8 [24] . Without loss of generality, we employ the Rayleigh fading channels g i ∈ C 1×M (i = 1, 2, 3, 4) , the channels from TWR to SUs are modeled as H Ri = d −a/2 i g i with the average path loss a = 2 [16] [22] . d i is the transmission distance from TWR to the S i with
Fig .2 illustrates the energy efficiency versus the transmit power of TWR with different energy conversion efficiency. It can be observed from the figure the energy efficiency increases before the transmit power reaches a ceil. This is due to the fact that increasing the transmit power will increase the sum rate of the SUs. However, the energy efficiency degrades in the high transmit power region until it reach a constant duo to the interference restriction of primary user. It also can be seen that with the impact level of E min increasing, the energy efficiency degrades. This can be explained as follows, when E min is large, more received power is required to meet the constraint of harvested energy, which lead to less power is allocated to receive information. Thereby making the energy efficiency decrease. It can be seen from the figure with the increase of power splitting, the energy efficiency of the system firstly increases and then decreases. There are two main reasons. On the one hand, in order to meet the requirement of energy harvested at the SUs, the power of the SUs cannot be fully used to receive signals, a small part of which is allocated to harvest energy. On the other hand, due to the constraint of NOMA users decoding, the power splitting cannot increase indefinitely. As can be seen from Figure 3 , under the same transmit power and power splitting, the energy efficiency of TWR is superior to that of the OWR. This is because under the same transmit slot, TWR can receive and transmit information from users in both directions, its sum rate and energy harvested value are higher than that of OWR. Figure 4 shows the energy efficiency versus energy harvested. One can observe that the energy harvested can effectively improve energy efficiency. This is because SUs received information and harvest energy simultaneously through power allocation, which is more efficient than the simply receive information. Under the same energy consumption, which leads to a higher energy efficiency. The SUs receive information and harvest energy at the same time by power allocation, the sum rate of secondary users decreases slightly, but the overall energy consumption will decrease due to energy harvested, which result in the improvement of the energy efficiency. increases, the energy efficiency firstly increases and then decreases, which is explained by the fact that sufficient transmit antennas can increase the throughput of SUs. It is visible that a higher energy efficiency is achieved with TWR transmit antenna N =6 than N >6, since more transmit antennas result in increasing circuit power consumption and then degrade the energy efficiency value. Furthermore, we also observed that increasing the ρ will increase the energy efficiency, which verifies the analysis in Fig.3 .
As shown in Figure 6 , the relationship between the relay power allocation b 3 and the sum rate of SUs with different relay transmit power. It can be seen from the figure, the sum rate of TWR and OWR can be improved by increasing the power allocation of near user. The reason is that near users have better channel conditions, increasing the transmission power of the user will significantly increase the sum rate. The simulation results also shows that under the same situation, the sum rate of SUs in TWR system is obviously higher than that in OWR system. .7 illustrates the energy efficiency versus the iteration number for Lagrange dual and MOIA algorithms. It can be seen that both Lagrange dual algorithm and MOIA algorithm require only a few iterations to converge. The convergence is faster. Additionally, one can observed that the number of iterations required by MOIA algorithm is larger than that required by Lagrange dual algorithm. This is due to the fact that the complexity of MOIA algorithm is higher than that of Lagrange dual algorithm and MOIA algorithm is implemented on the basis of the Lagrange dual algorithm.
V. CONCLUSION
In this paper, a novel CR-NOMA based on two-way relay has been proposed with SWIPT. Specifically, considering the transmit power is limited of the SUs which affects the QoS of SUs in the long-distance transmission. Therefore, the TWR is used to assist the SUs to transmit, compared with the traditional one-way relay, the sum rate and spectral efficiency are significantly improved. By jointly optimizing the relay transmit power, the transmit power allocation and the received power splitting ratios, which aim to maximize the energy efficient of SU system. An iterative algorithm based on Taylor series expansion and Lagrangian dual decomposition are proposed to optimize transmit power of TWR. In order to maximize the energy efficiency, The alternate iterative algorithm is proposed. From the simulation results, the energy efficiency of two-way relay assisted CR-NOMA system is obviously higher than that of one-way relay. Next, the physical layer security issue of SWIPT-based CR-NOMA system is also the focus of future research.
APPENDIX PROOF OF THEOREM 3.1
Step one: For the given F( , λ)=0, one has ∂F( , λ) ∂λ = 2y
where denotes the collection of variable p r , b 3 and ρ. VOLUME 7, 2019 Thus, F( , λ) is a decreasing function of λ for any . For any >0, we have
Since we have an inequation g (λ) = max F( , λ)≥F( , λ)>F( , λ ), ∀
it is obtained that
Therefore, g (λ) is a decreasing function of λ.
Step two: According to equation (16) , one has
where f ( ) = R tot p r +p l −2y H 1 −2y H 2 . Let opt be the optimal value of the problem pro 0 . Since f opt denotes the maximum of the SEE, λ=f opt is the maximum value of λ that meets the constraints of F( , λ).
Defining λ * as the root of g (λ) =0, then we have g (λ * ) =0 and * that can satisfy F ( , λ * ) =0. According to the conclusion of Step one, we have
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